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Abstract. In the late nineties several authors suggested that the extra dimensions predicted by string 
theory might lead to observable effects at high energy colliders. The ATLAS experiment which will start 
taking data at the LHC in 2007 will be an excellent place to search for such effects. The sensitivity of 
ATLAS to signatures of Extra Dimensions will be presented. 
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INTRODUCTION 

Over the past decade, new models based on large compactified extra spatial dimensions (ED) 
have been proposed [1, 2], which could explain the large gap between the electroweak- 
(EW) and the Planck scale of Mgw/Mpi fa 10~ 17 . The l/r Newtonian potential seen at 
large distances becomes a l/r 1+ " potential at small distances, implying a large fundamental 
Newton constant when the compactification radius is large. Present direct limits on ED allow, 
for example, 2 ED up to 0.13 mm [3]. For such distances, SM particles are constrained to 
reside on 3 spatial dimensions by gauge theories of EW and strong interactions, valid to 
< fm distances, but gravitons could propagate in the bulk. The resulting fundamental scale 
of gravity could be as small as a few TeV and the observed Planck mass would not be a 
relevant physical scale anymore. A theoretical foundation for introducing ED is given in the 
framework of string theories, which need ED for self-coherence reasons. 

The LHC, colliding protons at a centre-of-mass energy of y/s = 14 TeV, will exceed the 
accessible mass reach of the current collider experiments by an order of magnitude into the 
TeV range. The ATLAS detector [4] at the LHC, which will become operational in 2007, will 
therefore be an ideal place to look for ED signatures, such as jets with missing Ep, high-mass 
resonances or events with a large ZEj. In the following, studies are presented which evaluate 
the sensitivity of ATLAS to detect signals from various ED scenarios. All results are based 
on a parameterised simulation model of the ATLAS detector [5]. Unless otherwise noted, 
an integrated luminosity of / Ldt = 100 fb _1 is assumed, corresponding to one year of data 
taking at design luminosity. 
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LARGE EXTRA DIMENSIONS 



In the ADD model [1], proposed by Arkani-Hamed, Dimopoulos and Dvali, the SM fields 
are confined to a 4D brane. A new gravity scale Mq ~TeV is introduced in 4+n dimensions. 
In the 4D brane, the graviton appears as a tower of closely spaced (<1 meV) massive Kaluza- 
Klein (KK) excitation states with universal coupling to the SM fields. The coupling is small 
(ks l/Mpi), but nevertheless a sizeable cross section is obtained from the large number of 
interfering KK states. Virtual exchange of KK states leads to deviations in cross sections at 
high mass or energy and deviations in angular distributions. Direct production of gravitons 
results in jet + missing Ej signatures. 

ATLAS has evaluated the sensitivity to detect virtual graviton exchange in deviations in 
the dilepton and diphoton invariant mass spectrum [6]. The enhancement in the SM cross 
sections is obtained as function of an effective scale Ms ~ Mp. For this scenario, ATLAS 
will be able to probe ED up to Ms ^7 — 8 TeV. 

Direct graviton production with the graviton escaping undetected in the ED has been 
studied by searching for a possible excess of events with jets and missing energy [7]. In 
this scenario, ED can be probed up to Mq ~ 6 — 9 TeV. 

A variation of the ADD scenario was also considered [8], in which additional small ED 
orthogonal to the brane are present with a compactification radius M c PsTeV 1 . Fermions are 
confined to the 3-brane, but gauge fields propagate in the TeV -1 -scale ED. Leptonic decays 
of gauge excitations of the photon and the Z boson would provide striking signatures at the 
LHC. The sensitivity of ATLAS in this scenario has been estimated to reach to values of 
M c pa 5.8 TeV. A study of the angular distribution of the produced lepton pairs in the peak 
region showed that / Ldt = 300 fb 1 would be needed to distinguish such gauge excitations 
from mass peaks produced by SM-like Z 1 or graviton resonances (for M c < 5 TeV). 

WARPED EXTRA DIMENSIONS 

Graviton resonances are predicted in several models with small ED. In a Randall- Sundrum 
model [2], the metric is not flat, but varies exponentially in an extra dimension between the 
TeV brane, on which SM particles reside, and the Planck scale. This "warped" dimension is 
responsible for the shrinkage of the gravitational interaction strength in our (3+l)D subspace. 
The boundary conditions in the ED give rise to periodic wave functions; the KK modes 
in (3+l)D for the excited graviton G*. The mass of the first resonance is given as mi ps 
3.%3A K k/Mpi, with 0.01 < k/M P i < 0.1. The cross section for G* production is proportional 
to k/Mp { . The couplings of the G* are universal, giving rise to many decay channels, such 
as ee, jet-jet, 77, ZZ, WW. The spin-2 nature of the G* can be used in a spin analysis [9] to 
distinguish it from SM background and from other exotic scenarios, such as Z' production. 

The sensitivity for G* detection was studied in several of the possible decay channels [10]. 
The decay to two electrons is considered the most promising discovery channel. It has a low 
branching ratio of ^ 2%, but a very clear signature of 2 back-to-back high pr electrons with 
an invariant mass equal to the mass of the G*. The background from SM processes is small, 
mostly originating from the high-mass tail of the DY spectrum. Figure la) shows the two- 
electron invariant mass spectrum in ATLAS consisting of SM background and a hypothetical 
graviton resonance at 1.5 TeV in a scenario with k/M P i = 0.01. The signal is clearly visible 
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FIGURE 1. a) Invariant mass distribution for RS graviton-production at Mq=\.5 TeV and for the SM 
background, b) Current constraints on the RS parameter space. The expected sensitivity of ATLAS is indicated 
with a dashed line. 



above the low SM background. The ultimate 5a discovery reach for k/Mpi = 0.01 was 
estimated to be 2080 GeV, well above the current experimental limit of 250 GeV from the 
the DO experiment at Run II of the Tevatron [11]. The currently allowed region of the RS 
parameter space is shown in Fig. lb), together with the ATLAS reach for a determination 
of the G*-production cross section with an accuracy of 20%. The interesting region of the 
parameter space is covered by ATLAS. 



UNIVERSAL EXTRA DIMENSIONS 

Universal Extra Dimension (UED) scenarios allow all SM particles to propagate in ED of 
TeV -1 size. Due to tree-level KK-number conservation the KK 0-mode states can not be 
virtual and can only be produced in pairs. There are only weak constraints from previous 
electro-weak measurements. The current Tevatron results constrain the mass of the compact- 
ification scale to M c > 400 GeV [12]. 

For ATLAS, a study for a specific class of UED models has been performed [13]. It 
assumes that the topology of the UED model forms a thick brane embedded in a bulk of 
two large ED, where only gravity propagates. Only models with one ED of TeV -1 size and 
only gravity-mediated decays of the KK states have been considered. The signature in this 
case are dijet events with large missing transverse energy. SM background from events with 
jets and a W or a Z boson was considered. At 5<7, ATLAS will be sensitive to M c ~ 2.7 TeV. 

A recent phenomenological study [14] considered higher modes of KK excitations, which 
could be singly produced at colliders. They are heavier than the (1,0) modes by a factor \[7. 
and their cascade decays lead to a series of narrow-spaced tt resonances, resulting in lepton 
+ jets events. Within this scenario, previous tt resonance studies have been reinterpreted. A 
1 TeV tt resonance from UED could be observed with / Ldt = 30 fb The reach could 
be further increased by taking into account extra leptons and jets produced in the cascade 
decays. Furthermore, if the difference of between consecutive even states would be 
observed, one could discriminate from other scenarios and extract the number of ED. 
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MICRO BLACK HOLES 



At the LHC, micro black holes (BH) could be produced if the fundamental Planck scale 
would be lowered to ^TeV [15, 16]. A BH is characterised by its mass, Mbh = V$, 
its Schwarzschild radius Rs = 2GMbh/c 2 and (for n ED) by its temperature 7# rs (1 + 

n) I (M l J^ +n ^). The production cross section at the LHC for BHs would be about o ~ 7tR$ ~ 
100 pb. BHs decay with a short lifetime of w 10~ 27 — 10~ 25 s via Hawking radiation to all 
degrees of freedom with equal probability. Such decays will thus result in high-multiplicity, 
high Lp T spherical events with significant missing E T . The BH mass can be reconstructed 
from the sum of all 4 momenta and the temperature can be extracted from a comparison of the 
energy spectrum of the final-state particles to the expectation from a black-body spectrum. 

BH studies for ATLAS have been performed with n = 2 — 6 ED and a BH mass from 5 TeV 
up to 14 TeV [17, 18]. Background from QCD events at large missing Ej and from SUSY 
has been considered. It was shown that ATLAS will be able to discover higher-dimensional 
BHs and to explore their parameters. The BH parameters were extracted in a test model with 
n = 4 and M B h = 7 TeV and assuming that the parton-level BH-production cross section is 
known to 20%. The accuracy obtained in this case was about 10% for the temperature, 15% 
for the mass and ±0.75 for the number of ED. 

CONCLUSIONS 

ATLAS will have an unprecedented reach for discovery of ED in the TeV range. Moreover, 
discrimination between models and extraction of model parameters will be possible in several 
scenarios. 
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